Background and Objectives-Neither the pathogenesis of port wine stain (PWS) birthmarks nor tissue effects of pulsed dye laser (PDL) treatment of these lesions is fully understood. There are few published reports utilizing gene expression analysis in human PWS skin. We aim to compare gene expression in PWS before and after PDL, using DNA microarrays that represent most, if not all, human genes to obtain comprehensive molecular profiles of PWS lesions and PDL-associated tissue effects.
INTRODUCTION
Each year 400,000 children are born with port wine stain (PWS) birthmarks worldwide [1] . They and their families are confronted with the psychological and physical consequences of these lesions. The pathogenesis of these lesions is unknown. Lasers, including the flashlamp-pumped pulsed dye laser (PDL), utilize the principle of selective photothermolysis to target vascular lesions while sparing the epidermis and superficial blood vessels [2] . Laser is the mainstay of treatment for PWS, but most patients do not achieve complete removal even after undergoing many treatments [3] . While laser energy causes damage to targeted vessel walls resulting in lesion lightening, studies have demonstrated that vessels recur and/or new vessels develop as part of the normal wound healing response [4, 5] . Our group has studied the presence of angiogenesis mediators following PDL utilizing immunohistochemistry (IHC) [6] , and we are now utilizing gene expression analysis for evaluation. A comprehensive literature search shows that gene expression studies on human skin have been conducted, but this methodology has not been utilized to fully evaluate gene expression in PWS or to understand cutaneous effects of PDL treatment.
There are few published studies on the comparison of gene expression between vascular birthmarks and normal skin utilizing microarray analysis or quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR). A study evaluating fibroblasts (no other cell types) of Sturge-Weber syndrome (SWS) patients found fibronectin (FN1) gene and protein expression upregulated in PWS as compared to normal skin [7] . In a recent follow up study, the same group proposed that somatic mutations in fibroblasts derived from normal and PWS skin of patients with SWS may contribute to disease pathology; they used proteomic analysis of skin-derived fibroblasts from normal and SWS donors and identified small changes (ratios >1.2 and <0.8) in cell proliferation and oxidative stress responses in SWS-associated fibroblasts [8] . Infantile hemangiomas (IH) demonstrated upregulation in ANGPT 1 and 2, Homeobox (Hox) D3, HES/HEY genes (NOTCH receptors), insulin-like growth factor 2 (IGF2), and VEGFA [9] [10] [11] [12] [13] [14] . A murine model showed that overexpression of AKT1 in endothelial cells resulted in the development of vascular malformations [15] .
Mutations in the RASA1 gene have also been linked to vascular malformations, including hereditary malformations, arteriovenous fistulas, and Parkes-Weber syndrome, although mutations were found in only approximately 30% of capillary malformations tested [16] [17] [18] .
In this study, we compare gene expression in complete skin samples taken from PWS before and after PDL, using DNA microarrays that represent most, if not all, human genes to obtain comprehensive molecular profiles of PWS lesions and PDL-associated tissue effects.
MATERIALS AND METHODS
The study was approved by the Institutional Review Board at the University of California, Irvine. Five human subjects with PWS participated in this study. Verbal and written informed consent was obtained for all subjects. Each subject had one area of their PWS treated with PDL (7 mm; 1.5 millisecond pulse duration; 9 J/cm 2 ; cryogen spray cooling of 30 millisecond with a 30 millisecond delay). Clinically significant purpura was noted in treated areas for all subjects. The samples included two lower extremity lesions, two facial lesions, and one facial nodule (Table 1) . At Day 7, 3 mm punch biopsies were performed on each subject to collect normal skin (N), an area of untreated PWS (PWS), and an area of PWS treated with PDL (PWS + PDL). For the facial nodule subject, three biopsies were performed at Day 7 on N, an untreated PWS nodule (nPWS), and a treated PWS nodule (nPWS + PDL). The N was taken from the corresponding area on the contralateral side of the body from the location of the PWS. Day 7 was the chosen date for measurement as previous literature showed peak levels of VEGF at Day 7 following incisional biopsies in human skin and following laser irradiation in a transgenic rodent model [19, 20] .
All of the collected tissue was immediately placed in RNAlater ™ (Qiagen, Valencia, CA) and stored at −20°C prior to RNA isolation. Total RNA was extracted from the skin biopsy samples using the RNeasy purification kit (Qiagen) following manufacturer guidelines. The skin biopsies were homogenized in lysis buffer with β-mercaptoethanol using a FastPrep FP120A homogenizer (Qbiogen, Carlsbad, CA). A small aliquot of each RNA sample was quantified with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and then monitored for integrity on a 2100 Bioanalyzer (Agilent, Santa Clara, CA).
The RNA integrity number (RIN) was the determinant of the suitability of RNA samples for further processing. The RINs of all our samples were greater than ≥7. Following quality assurance, the RNA samples were prepared at the UCI Genomics High Throughput Facility for microarray analysis using the standard Nugen protocol (Nugen, San Carlos, CA). Each sample of RNA was reverse transcribed to cDNA using the Ovation ® Pico WTA System (Nugen). This cDNA was then converted into sense transcript cDNA (ST-cDNA) via the WT-Ovation ™ Exon Module (Nugen) in preparation for fragmentation and labeling using the Encore ™ Biotin Module (Nugen). Once labeled, targets were then hybridized to GeneChip ® Human Gene 1.0ST microarrays (Affymetrix, Santa Clara, CA) for gene expression analysis; these microarrays interrogate over 28,000 known (full-length) and predicted (hypothetical) human genes.
Raw array expression data was summarized using Expression Console ® Software (Affymetrix) to generate CHP data files and also Probe Logarithmic Intensity Error (PLIER) normalized for further analysis. All data sets passed quality control evaluation and were included in subsequent analyses. Patterns of gene expression varied significantly as judged by unsupervised hierarchical clustering and principal component analyses of gene expression data sets from samples within each sample class (N, PWS, PDL). To allow for this variation, we compared gene expression between N versus PWS, and PWS versus PWS + PDL samples from each donor separately to identify changes in gene expression between these conditions. Thus, for each individual subject, there were two comparison groups. In N versus PWS, the N sample data was set as the control reference point and the gene expression in PWS sample was evaluated based on its change from the baseline N sample. In PWS versus PWS + PDL, the PWS sample was set as the control reference point and the gene expression in PWS + PDL sample was evaluated based on its change from the baseline PWS sample.
Data sets from the four individual PWS donors were initially filtered to remove all probe sets with expression values ≤10 (below reliable levels for detection). The remaining probe sets were used to identify genes associated with PWS or PDL treatment by calculating ratios of expression values between PWS and N samples and PWS + PDL and PWS samples respectively and retaining probe sets with a ratio ≥2 for upregulated genes and ≤0.5 for down-regulated genes. Finally, the resulting gene lists were filtered to remove duplicates and "confounding" genes, defined as those encoding non-proteins, keratin-associate protein (KRTAP) genes, and non-annotated genes. The KRTAP genes were excluded because their expression is believed to be an artifact of the sampling site, being expressed exclusively in hair follicles, rather than associated with disease pathology.
Initially, data for Subject 5 (nPWS) was included in the above described analysis. However, the nPWS data demonstrated obvious differences compared to the other four subjects. This was noted by the lab personnel who were blinded assessors and were not aware of the clinical features of the samples. Due to the marked difference in gene expression profiles for Subject 5, these data were analyzed separately using the same strategy to compare: N versus nPWS and nPWS versus nPWS + PDL profiles. Donor-specific gene lists from the four donors with standard PWS lesions were then compared to identify genes present in multiple subjects. Shared genes and genes with "coordinate" expression between both N versus PWS and PWS versus PWS + PDL were identified. If any gene is associated with the pathology of PWS, one would predict that its expression would be either up-or down-regulated compared to the normal sample. As the treatment is expected to resolve the pathology (partially or completely), then it is reasonable to predict that gene expression would exhibit the opposite trend after receiving treatment. Therefore, genes associated with pathogenesis that are up-regulated in N versus PWS might be down-regulated in PWS versus PWS + PDL, exhibiting a "co-ordinate" expression pattern. Finally, we also looked for changes in specific genes previously associated with vascular malformations, laser effects or angiogenesis, including AKT1, FN1, heat shock proteins (HSP), HES/ HEY transcription factors, hypoxia-inducible factor 1, alpha subunit (HIF1A), HOX, MMPs, RASA1, serine proteinase inhibitors (SERPIN), tissue inhibitors of MMPs (TIMPs), transforming growth factor beta (TGFB), VEGF, and VEGF receptors (VEGFR).
RESULTS
Differential gene expression of PWS was analyzed between samples of the same donor as well as between donors. While there was significant variation in gene expression between the four evaluated subjects with PWS, we were able to identify differentially expressed genes using our pairwise comparison approach. Table 2 shows the most represented functional classes of these differentially expressed genes and demonstrates that those associated with immune, epidermal, and lipid metabolism are up-regulated in PWS skin. Lipid metabolism related gene expression dropped significantly following PDL.
We then went on to find individual genes that exhibited "co-ordinate" regulation between N versus PWS and PWS versus PWS + PDL for Subjects 1-4 (Table 3 ). Peptidase inhibitor 3 (PI3), a skin-derived PI3, demonstrated the greatest differential expression between PWS and N, being down-regulated in PWS but highly upregulated following PDL. Stanniocalcin 1 (STC1) had a similar profile. Three genes were significantly elevated in PWS compared to N but reduced following PDL: purkinje cell protein 4 (PCP4), fatty acid desaturase 1 (FADS1), and, solute carrier family 45, member 4 (SLC45A4). Expression profiles for the top four genes listed in Table 3 are shown in Figure 1 . Table 4 summarizes the angiogenesis-related genes with significant differential expression and their ratios in the individual subjects with PWS. In comparing N to PWS, ANGPT-like 7 (ANGPTL7) and serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3 (SERPINA3) were over-expressed in the PWS skin. PWS + PDL samples demonstrated an upregulation of TIMP1 and VEGFA. No significant changes were seen in the expression of AKT1, FN1, HSP family, HES/ HEY transcription factors, HIF1A, HOX family, MMPs, RASA1, TGFB family, or VEGFRs.
The nPWS from Subject 5 was analyzed individually because its expression pattern was unique and divergent from the PWS samples, showing differential expression of genes associated with angiogenesis, tumorigenesis, and inflammation. Tables 5 and 6 summarize the findings in the nPWS. Compared to N, ANGPT1, ANGPT2, TGFB3, Fibroblast growth factor (FGF) 7, Thrombospondin 1 (THBS1), FN1, and TIMP 3 were up-regulated in nPWS. Interestingly, MMP12, and VEGFA were found to be greatly down-regulated in nPWS. IGF2 was up-regulated in nPWS + PDL compared to nPWS, whereas PI3 and heat shock 27 kDa protein family, member (HSPB; a heat shock protein) 7 were down-regulated. There were a number of genes that were down-regulated in nPWS compared to N but then upregulated following treatment. These include dermicidin (DCD), secretoglobulin, family 2A, member 2 (SCGB2A2), prolactin-induced protein (PIP), mucin 7, secreted (MUC7), cysteine-rich secretory protein 3 (CRISP3), and HOXA9. Table 6 specifies the ratios of either up-or down-regulation between comparison groups. No significant changes were seen in AKT1, HES/HEY transcription factors, HIF1A, RASA1, SERPIN family, or VEGFRs.
DISCUSSION
Our gene expression analyses clearly distinguished PWS (Subjects 1-4) and nPWS (Subject 5), and several classes of gene functions were identified in our analysis of PWS and the effects of PDL treatment of these lesions. Significant gene expression pattern variation was observed amongst the donors, although some patterns were common. As PWS are well known to differ in vessel sizes and depths as well as treatment response, this may be expected. It is interesting to note that there was more similar gene expression between PWS in the same anatomic area than between PWS on different anatomic areas (face and leg). This may suggest that what we currently classify as PWS may not be all the same lesion or may simply be a result of different gene expression in skin tissue of various locations. Further research is required to evaluate this possibility. Future work will also be required to determine how genes identified in the current analysis relate to the development and maintenance of PWS. Table 3 summarizes the genes with "co-ordinate" expression patterns for the PWS samples. PI3, also known as elafin, encodes a small secreted protein with anti-inflammatory activity [21] . STC1 is a hormone that regulates calcium and potassium metabolism [22] . PCP4 participates in calcium-dependent signaling through interaction with calmodulin [23] . FADS1 encodes a rate-limiting enzyme for fatty-acid conversion [24] . The significance and relevance of salt and lipid metabolism to PWS pathology is unclear and merits further exploration. SLCs are regarded as transporters, and there are individual families within the SLCs. There is currently limited literature on the SLC45 family, and none specific to SLC45A4. Other members of the SLC45 family have been associated with cutaneous melanoma and prostate cancer [25, 26] . CD163 is a scavenger receptor expressed by dermal macrophages [27] . Differential expression of immune system-associated genes may reflect activation of inflammatory pathways as a result of tissue remodeling in PWS lesions.
In Subjects 1-4, we noted several genes related to angiogenesis, which were either up-or down-regulated (Table 4) . There were two genes notably up-regulated in PWS: ANGPTL7 and SERPINA3. ANGPTL7's function is still poorly understood, but other members of its family are potent regulators of angiogenesis; this family is structurally related to the ANGPTs, which are well-known to participate in angiogenesis [28] . SERPINA3, also known as alpha1-antichymotrypsin (ACT), is part of the serine protease inhibitor (SERPIN) family and has been reported to play a pivotal role in repair of skin wounds following mechanical injury [29] . Pigment endothelium-derived factor (PEDF, now SERPINF1) also belongs to the SERPIN family and has been shown to act as a broad-spectrum angiogenesis inhibitor [30] . Further research will be needed to identify the role of SERPINA3 in PWS.
We found two angiogenesis-related genes up-regulated in PWS following PDL (Table 4) : TIMP1 and VEGFA. TIMPs prevent the destruction of tissue, and VEGFA is a well-known and potent angiogenesis factor [31] . We hypothesize that the up-regulation of TIMP1 may be the body's way of protecting against the effects of the PDL, and that the up-regulation of VEGFA is part of a pro-angiogenic wound healing response, which may limit the efficacy of PDL treatments. Heger et al. [5] among others proposed that the upregulation of VEGF is involved in the angiogenic response to PDL therapy and that the antagonism of this response through VEGF inhibition may be considered as an adjuvant modality. If further studies confirm these results, anti-VEGF agents may be considered as adjunctive treatments to improve PDL effects. Our group and others have reported on increased efficacy with combined PDL and anti-angiogenic agent treatments [32] .
The nPWS of Subject 5 exhibited a different expression profile from the other four PWS samples (Table 5) . nPWS generally occur in adult patients and nodules often become more numerous with age [33] . Overall, the nPWS showed up-regulation of many angiogenesisassociated genes. The roles of ANGPT1, ANGPT2, and TGFB3 in promoting angiogenesis are well-established [31, 34] and ANGPT1 and ANGPT2 are both up-regulated in IH [13] . TGFB2 belongs to the TGFB family, whose members are known inducers of angiogenesis; their proposed mechanism of action is through initiation of VEGF pathways [34] . The entire FGF family is associated with angiogenesis [31, 35, 36] , while FGF7 (also known as keratinocyte growth factor) is a potent epithelial cell-specific growth factor that, in this setting, may be promoting tissue repair [37, 38] . We also noted up-regulation of THBS1, a known potent inhibitor of angiogenesis [31, 39] . FN1 protein participates in the regulation of angiogenesis, vasculogenesis, cell movement, and growth [7, 40] but its exact role is unclear. It is interesting to note that the only other published PWS gene expression study (performed on fibroblasts of SWS patients) reported up-regulation of FN1 protein [7] . In our study, only the nPWS exhibited an up-regulation of FN1 gene compared to N (2.7-fold increase). However, none of our subjects had SWS and we evaluated the whole skin tissue, not just the fibroblasts. FN1 gene expression is likely restricted to fibroblasts, which constitute <5% of skin cells. In the PWS samples (as opposed to nPWS), FN1 mRNA levels may be below our level of detection due to the "dilution" of dermal fibroblast gene expression by the other skin components. TIMP3 was up-regulated in the nPWS compared to N. At first glance, upregulation of TIMP3, an anti-angiogenic agent, may seem incongruous to our other results. However, the role of TIMPs in angiogenesis is complex due to their interaction and balance with the MMPs [31] . Indeed, MMP12 expression was down-regulated in nPWS compared to N. MMPs are enzymes that digest the extracellular matrix to remodel tissue, allowing for the growth of blood vessels and tumors [31] . Taken together, these observations suggest a dysregulation of angiogenic signals and/or components that may contribute to PWS pathology.
Treatment of the nPWS with PDL resulted in up-regulation of IGF2 and down-regulation of PI3 and HSPB7. IGF2 is involved in human growth and development, and its role in vascular lesions is still not well-described or characterized. PI3 had the most significant change of all genes in the PWS, showing down-regulation in PWS compared to N and then up-regulation following PDL. However, the nPWS showed no significant change in PI3 when compared to N, and then down-regulation after PDL. The difference in expression pattern behavior between nPWS and PWS merits further exploration. HSPB7 is extensively described in association with cardiomyopathies and heart failure as a genetic marker [41] [42] [43] , but its role in other disease pathology has not been fully explored. The related gene HSPB1 is released primarily by endothelial cells and promotes angiogenesis through direct interaction with VEGF [44] .
For the nPWS sample, it is notable that all of the "coordinate" gene expression patterns involved down-regulation in N versus nPWS and up-regulation in nPWS versus nPWS + PDL. The PWS samples did not exhibit this consistency. Table 6 summarizes the genes with "co-ordinate" expression patterns for the nPWS. DCD is primarily associated with antimicrobial peptide activity in the skin, likely participating in innate immunity and/or stress responses [45] . SCGB2A2, formerly known as mammaglobin 1, is best known as a breast cancer marker [46] [47] [48] . While its biological activity is not fully defined, the members of the secretoglobin family have been implicated in inflammation and tissue repair and are found in mammalian secretions, including fluids of the lung, lacrimal gland, salivary gland, prostate, and uterus [49] . While the detection of this gene raises the possibility of contamination of the sample with salivary gland tissue, a more likely source is the specialized myoepithelium found in exocrine glands, including sweat, mammary, lacrimal, and salivary glands [50] . SCGB2A2 is known to be found in skin (unpublished results PH/ AZ), also localized to sweat glands [51] . Loss of expression of this gene may, therefore, be a consequence of loss of sweat glands in nPWS and the increase following PDL treatment may reflect regrowth of these skin-associated organs. PIP has been linked to both breast and prostate cancer [52] , but it also exhibited immunosuppressive activity in a mouse model of allergic contact dermatitis [53] . The finding that PIP expression is significantly reduced in the nPWS and then restored following PDL treatment suggests an inflammatory component to nPWS. MUC7 is a small salivary mucin with microbicidal activity [54, 55] . Similar to SCGB2A2, MUC7 expression may indicate a return of normal salivary gland structures and warrants further investigation. Like PIP, CRISP3 is found up-regulated in prostate cancer [56] . Finally, HOXA9 regulates endothelial cell activation, and aberrant expression may be associated with vascular lesions [57] .
Previous studies using specific cell types isolated from vascular lesions have identified a number of genes whose expression was altered in the lesion compared to normal skin including AKT1, HES/HEY transcription factors, HIF1A, and RASA1 [10, [15] [16] [17] [18] 58] . None of our comparisons showed any significant difference in the expression of these genes. This may reflect the relatively small changes reported by other groups or be a consequence of different methodologies. Some groups have isolated a certain cell type while we evaluated full skin samples.
There are limitations associated with our study. Microarray analysis provides a detailed transcriptional profile of each sample. However, the number and nature of samples can impact selectivity and sensitivity. PWS are lesions with many variables including vessel size, number, and depth. In this preliminary study, we evaluated five subjects but we will confirm and expand on our results using using qRT-PCR and IHC in a larger number of subjects. We also intend to evaluate gene expression at additional time points posttreatment.
In summary, gene expression profiles from N, PWS, and PWS + PDL demonstrated significant variation within samples from the same donor and between donors. By doing pair-wise comparisons between samples taken from the same donor and comparing these results between donors, we were able to identify genes that may participate in formation of PWS and PDL effects. Our preliminary results indicate changes in gene expression of angiogenesis-related genes, suggesting that dysregulation of angiogenic signals and/or components may contribute to PWS pathology. 
